Stent-frame morphology of the newer-generation, balloon-expandable transcatheter heart valve (THV), the SAPIEN 3 (S3), after transcatheter aortic valve implantation (TAVI) is unknown. We evaluated the THV stent-frame morphology post TAVI of the S3 using multi-slice computed tomography (MSCT) compared with the prior-generation THV, SAPIEN XT (S-XT).
Introduction
With the increasing experience of operators and the improvement in transcatheter heart valve (THV) platforms, transcatheter aortic valve implantation (TAVI) has become an accepted alternative treatment option for high-risk patients and the standard of care for inoperable patients with symptomatic severe aortic stenosis. 1, 2 The SAPIEN 3 (S3; Edwards Lifesciences, Inc., Irvine, CA, USA) is the newer-generation, balloon-expandable THV that has some differences in stent-frame design compared with the prior-generation device, SAPIEN XT (S-XT; Edwards Lifesciences, Inc.). The S3 consists of a cobalt -chromium frame with large cell design and no commissural posts. On the other hand, the S-XT consists of a cobalt-chromium frame with smaller cell design and has three commissural posts. The different stent-frame geometry in the S3, with larger cells and wide strut angles, contributes to its high radial strength. Furthermore, the S3 has an additional outer polyethylene terephthalate cuff to enhance paravalvular leak sealing. 3 Some retrospective analyses have suggested that the S3 design iteration facilitates lower rates of paravalvular aortic regurgitation (PVR) than the S-XT 4,5 and could allow more challenging anatomies to be treated. 6 Despite these device improvements, optimal annulus sizing, appropriate selection of device size, and understanding the morphology of the deployed THV remain critically important to reduce the incidence of complications, not only PVR but also aortic root injury. 5, 7, 8 Better characterization of the native aortic valve morphology may be of great value to select the THV type and size. 9 However, comparative data on the morphology of THV stent-frame expansion after TAVI between the newer-generation S3 and priorgeneration the S-XT are currently absent. Therefore, in order to better understand how device selection and sizing may differ with the newer iteration, the objective of our study was to compare the morphology of the deployed S3 stent frame with that of the S-XT using multi-slice computed tomography (MSCT).
Methods

Study population and TAVI procedure
We analysed a total of 94 consecutive participants of the RESOLVE registry (the assessment of Transcatheter and Surgical Aortic Bioprosthetic Valve Thrombosis and Its Treatment with Anticoagulation: NCT02318342). Per study protocol, these patients had post-procedural MSCT after balloon-expandable TAVI between December 2014 and October 2015 at our institute (Cedars-Sinai Medical Center, Los Angeles, CA, USA). For the registry, approval by the institutional review board was obtained before study initiation. This study complies with the Declaration of Helsinki, and all patients provided written informed consent. The ethics committee of our institution approved the study protocol. TAVI was performed under general anaesthesia with fluoroscopic and TEE guidance. In our study, the S3 was implanted in 39 patients and the S-XT in 55 patients. THVs sized 23, 26 and 29 mm were used in both the S3 and S-XT groups. The S-XT was used for TAVI until it was superseded by the commercial availability of the S3. Annular dimensions used for THV sizing were based on threedimensional MSCT measurements. 10 -12 The decision to proceed with TAVI was with the consensus of a dedicated heart team including experienced clinical and interventional cardiologists and cardiovascular surgeons.
MSCT image acquisition
Contrast-enhanced computed tomography (CT) examinations were performed if the renal function was considered satisfactory, as is routine clinical practice; this was generally if the serum creatinine was ≤2.0 mg/dL, using a second-generation dual-source CT system (SIEMENS SOMATOM Definition Flash; SIEMENS Healthcare, Erlangen, Germany). A commercially available contrast medium (Omnipaque, GE Healthcare, Little Chalfont, Buckinghamshire, UK) was used with 100 mL in each patient; bolus triggering in the ascending aorta was employed. CT was performed with a collimation of 128 × 0.625 mm, and maximum tube current ranged was automated for each patient using Caredose (SIEMENS Healthcare) with a fixed tube potential of 100 -120 kV. Heart rate (HR) reduction with b-blockade was not performed, nor was additional dose modulation (other than Caredose). Acquisition was in the craniocaudal direction from the aortic arch to the diaphragm. Images were reconstructed at 0.6 mm slices with 0.3 mm overlap with iterative reconstruction for evaluation at 10% intervals within the 0 -90% RR range. CT DICOM data were transmitted to a dedicated core laboratory.
THV analysis of MSCT
In all deployed THVs, curved multiplanar reconstruction analyses were performed using 3mensio Valves software TM (version 7.2, Pie Medical Imaging B.V., Maastricht, The Netherlands). A line was generated through the centre point of the proximal ascending aorta, THV and LVOT. Geometry of the THV stent frame was evaluated for orthogonal major and minor diameters, expansion area at the four levels of THV: (i) THV inflow, (ii) native annulus, (iii) mid-THV, and (iv) THV outflow. The THV-inflow level was defined as a plane perpendicular to the curved multiplanar reconstruction line through the centre of the THV stent frame that touched the nadir of the THV struts. The native annulus level at THV was defined based on the distance from the sinotubular junction (STJ) to the native annulus as that noted on the pre-procedural MSCT measurement in the same cardiac phase (generally a systolic phase at 20% of the cardiac cycle). Deployed THV depth was measured as the distance from THV-inflow to this native annulus level ( Figure 1) .
We measured external stent-frame dimensions at each level, including orthogonal major and minor diameters, area and perimeter. The THV expansion area was assessed by tracing the external margins of the stent frame. (2) . STJ height was used preprocedural MSCT measurement. THV, transcatheter heart valve; MSCT, multi-slice computed tomography .
Comparison of SAPIEN 3 and SAPIEN XT transcatheter heart valve stent-frame expansion respectively ( Figure 2) . The percentage of stent-frame expansion area (%-expansion area) was expressed in relation to labelled prosthesis size as: (observed THV external area/area derived from prosthesis labelled size) × 100. Overexpansion was defined as more than 100% expansion area, and underexpansion was defined as less than 100%. 13 The THV stent frame was considered oversized when the THV expansion area was greater than the native annular area on pre-TAVI CT.
Percentage of observed THV area oversizing was calculated as: (observed THV external area at the native annular level/native annular area 2 1) × 100. 14 Eccentricity index was defined as: (1 2 short diameter/long diameter) × 100, with a THV considered circular when eccentricity index was ,10%. 15 Also, stent-frame fracture was evaluated on a volume-rendered (VR) view ( Figure 3 ). These THV assessments were performed by two independent experienced observers in Figure 2 the core laboratory. Inter-and intra-observer variability was also assessed.
Echocardiographic assessment
All patients underwent transthoracic echocardiography (TTE) before TAVI and prior to discharge. The severity of pre-TAVI aortic stenosis was assessed by the mean transvalvular gradient, and aortic valve area (AVA) calculated with the continuity equation. 16 The PVR severity post TAVI was evaluated using a multi-parametric approach on predischarge echocardiography and classified following the Valve Academic Research Consortium-2 recommendations as none-trace, mild, moderate, and severe. 17 
Statistical analysis
The population was divided into two groups according to the implanted THV type. Statistical analysis was done using SPSS Statistics 22.0 (SPSS, Inc., Chicago, IL) and JMP 11.0.2 software (SAS Institute, Inc., Cary, NC). Continuous variables are described by mean + SD, and categorical variables are described by frequencies and percentages. Continuous parametric variables were compared using unpaired and paired Student's t-tests. Categorical variables were compared using the Fisher exact test. Inter-and intra-observer variability was evaluated by calculating the intraclass correlation coefficients (ICC) in 15 randomly selected cases with excellent agreement defined as an ICC of .0.8. Statistical significance was defined as P , 0.05.
Results
Baseline characteristics and pre-procedural measurements
Patient characteristics are summarized in Table 1 . All patients were in NYHA functional class III or IV. Pre-procedural MSCT and echocardiographic characteristics are shown in Table 2 . All MSCT scans used were contrast scans. There was no significant difference in these parameters between the S3 group and the S-XT group except the percentage of area oversizing by nominal THV area before TAVI (7.2 + 9.0 vs. 18.1 + 9.5%, P , 0.001).
Procedural details
TAVI procedure details are also presented in 
THV measurements
A total of 94 patients had MSCT at an average of 7.6 + 6.7 months after TAVI. There were no cases of THV stent-frame fracture identified by MSCT. Deployed THV depth was not different between the S3 group and the S-XT group (4.1 + 2.2 vs. 3.8 + 1.9 mm, P ¼ 0.46). Measurements of the deployed THV stent frame on MSCT are shown in Table 3 . Inter-and intra-observer reproducibility at THV-inflow levels was satisfactory (inter-observer: ICC ¼ 0.948, P , 0.001; intra-observer: ICC ¼ 0.990, P , 0.001, respectively). There was a significant difference in the achieved THV stent-frame expansion between the S3 and the S-XT. Overall, mean %-expansion area of the S3 and the S-XT was 100.9 + 5.7 vs. 96.1 + 5.5%, P , 0.001. Particularly, at the THV-inflow and the native annular levels, the S3 had a greater %-expansion area in comparison with the S-XT (THV-inflow level: 105.2 + 6.4 vs. 93.2 + 6.2%, P , 0.001; native annular level: 99.4 + 6.6 vs. 94.9 + 5.5%, P , 0.001) Moreover, in the S3 group, the THV-inflow level had the largest value of %-expansion area, which decreased from inflow to mid-THV level (105.2 + 6.4 to 96.5 + 5.9%, P , 0.001). However, in the S-XT group, at the THV-inflow level, there was the smallest value of %-expansion area, which increased from inflow level to mid-THV level (93.2 + 6.2 to 95.1 + 6.1%, P , 0.01). Mean eccentricity index was not different between the S3 and the S-XT (overall levels: 3.62 + 2.0 vs. 3.59 + 1.8%, P ¼ 0.95). Percentage of observed THV area oversizing in the S3 group was significantly lower than the S-XT group (6.3 + 8.6 vs. 11.8 + 8.5%, P ¼ 0.0027).
Percentage of THV expansion area and delivery balloon volume
The %-expansion areas of THV in different delivery balloon volumes are shown in Table 4 . On nominal delivery balloon volume, mean %-expansion area of the S3 and the S-XT was 100.1 + 5.0 and 97.5 + 4.1%, respectively (P ¼ 0.029). In the S3 group, the THV-inflow level had greater expanded THV areas compared with at the mid-THV level (104.8 + 5.7 vs. 95.8 + 4.8%, P , 0.001). However, in the S-XT group, the THV-inflow level had lesser expanded THV areas compared with mid-THV level (94.3 + 4.2 vs. 96.9 + 5.0%, P ¼ 0.0041). Particularly, at the THV-inflow and native annular levels, patients who had overexpansion area (by observed THV area) of the S3 and the S-XT were 23 (88.5%) vs. 3 (9.1%), P , 0.001 and 11 (42.3%) vs. 6 (18.2%), P ¼ 0.05, respectively. However, at other levels (mid-THV and THV-outflow levels), the numbers of patients who had overexpansion area of the S3 and the S-XT were not significantly different ( Figure 4) . The S3 group was well expanded (by THV area) at the THV-inflow and native annular levels of measurement in the stent frame even using nominal or under-filling delivery balloon volume. On over-filling delivery balloon volume, the S3 had 8% greater expansion THV areas compared with its THV area using nominal volume (100.1 + 5.0 vs. 107.8 + 3.4, P , 0.001). Moreover, the S3 had a greater %-expansion area compared with the S-XT at each level. However, there were few cases with under-filling or over-filling delivery balloon volume (Table 4, Figure 5 ).
Parameters of the deployed THV and post-procedural PVR
The relationship between parameters of the deployed THV and postprocedural PVR is summarized in Table 5 . Mild or more than mild PVR (≥mild) was present in 7 (17.9%) of patients in the S3 group and in 24 (43.6%) of patients in the S-XT group (P ¼ 0.014). In both groups, eccentricity index was not significantly different between cases with PVR ≥ mild and PVR , mild. Although there was a non-significant trend, percentage of observed THV area oversizing with the S3 and the S-XT was 1.3 + 7.3% in PVR ≥ mild vs. 7.4 + 8.6% in PVR , mild, P ¼ 0.09 and 9.6 + 8.2% in PVR ≥ mild vs. 13.6 + 8.5% in PVR , mild, P ¼ 0.09, respectively. However, incidence of PVR ≥ mild was more frequently seen in undersizing cases with the S3 (57.1% in PVR ≥ mild vs. 15.6% in PVR , mild, P ¼ 0.037) and also the S-XT with less ventricular deployment (3.1 + 2.0 mm in PVR ≥ mild vs. 4.3 + 1.7 mm in PVR , mild, P ¼ 0.018).
Discussion
The S3 is the latest U.S. Food and Drug Administration (FDA)-approved, balloon-expandable THV that replaced the priorgeneration device, the S-XT. To the best of our knowledge, this is Values are mean + SD. *P , 0.001 and **P ¼ 0.029 vs. the SAPIEN 3 nominal, ***P , 0.001 vs. the SAPIEN 3 THV-inflow, ****P ¼ 0.0041 vs. the SAPIEN XT THV-inflow.
Figure 4
Percentage of cases with observed overexpansion by THV area measured on MSCT (using nominal delivery balloon volume). The numbers in the columns denote the percentage of cases. THV, transcatheter heart valve; MSCT, multi-slice computed tomography.
Comparison of SAPIEN 3 and SAPIEN XT transcatheter heart valve stent-frame expansion the first report systematically evaluating its deployed stent-frame morphology using MSCT. Comparing the S3 with the S-XT, our findings were as follows:
(1) Stent-frame morphology: The S3 had a relatively larger or flared inflow in relation to the mid-THV level when compared with the S-XT, which had a relatively constrained inflow in relation to mid-THV level. (2) Eccentricity index was not different between the S3 and the S-XT. (3) Observed THV area oversizing and post-procedural PVR: The S3 group had a lesser degree of observed THV area oversizing in relation to native annular dimension than the S-XT group. Nonetheless, the incidence of post-procedural PVR ≥ mild following the S3 TAVI was significantly lower than the S-XT TAVI.
THV expansion area
Few data are available on the stent-frame morphology of deployed balloon-expandable THV. Willson et al. 14 examined the geometry of the deployed THV stent frame by MSCT with the earlier-generation, balloon-expandable THV. They demonstrated complete and circular stent-frame expansion; however, there were small differences in expansion between THV levels, with expansion area being less at the inflow compared with at the outflow level. This may represent restriction by the aortic annulus, resistance to expansion by the covered skirt tissue within the THV inflow, or relative overexpansion of the uncovered outflow portion of the THV. Although our study showed similar data for the S-XT, the S3 had a different pattern of expansion; expansion area was larger at the THV inflow and THV outflow compared with that at the mid-portion. Interestingly, over-filling of the S3 achieved a similar morphology to nominal or under-filling (relative flaring of the inflow), whereas it caused a more cylindrical stent frame with the S-XT (inflow less constrained). These differences could be related to the absence of commissural posts with the S3 or to differences in the THV cell design between two valve types ( Figure 3) . It has been postulated that complete or underexpansion of THV may also be related to the annular size, extent of aortic valve calcification, THV stent recoil, or inadequate THV balloon expansion (under-filling or over-filling delivery balloon volume and short or long duration of balloon expansion). 18, 19 However, our study showed that aortic valve calcium distribution and LVOT calcium were not significantly different between the S3 and the S-XT groups (Tables 2 and 6), suggesting the critical difference to be device driven.
The correlation between expansion area of the THV and delivery balloon volume on prior-generation, balloon-expandable THV (S-XT) has been described in one other study. Barbanti et al. analysed 134 patients with severe aortic stenosis who underwent TAVI with the S-XT. Nominally filled delivery balloon volume resulted in a prosthesis cross-sectional CT area that correlated well with the expected THV area. In our study, at the THV-inflow level, relative underexpansion of the THV was rarely observed in the S3 device using nominal delivery balloon volume. However, underexpansion was more frequently observed in the S-XT group even using nominal volume.
THV eccentricity
During the TAVI procedure, radial forces affect the aortic annulus geometry. It has been shown that the geometry of the aortic annulus changes from an elliptical shape before implantation to a more circular shape after implantation. 20, 21 Our study also demonstrates that implantation of balloon-expandable THV reduced the eccentricity of the aortic annulus, achieving circularity of the deployed stent-frame morphology in almost all the S3 and the S-XT THV.
Area oversizing and post-procedural PVR
Appropriate sizing for every THV is critically important to minimize the incidence of PVR. Leber et al. 22 suggested that an oversizing ratio of 15 -25% of the S-XT based on area appears to provide the best risk -benefit ratio in terms of PVR reduction and conduction disorders. However, Blanke et al. 8 described contained rupture of the aortic root in balloon-expandable TAVI is associated with severe prosthesis oversizing of the S-XT (the threshold studied was .20%). In their studies, oversizing ratio was calculated using THV nominal area, whereas we calculated oversizing ratio with actual observed THV stent-frame expansion area from CT-derived measurements.
Despite less resultant observed stent-frame oversizing in relation to the native annulus, we observed lower rates of PVR with the S3 vs. the S-XT. Not only the external fabric cuff of the S3 but also its tendency to flare at the inflow may mitigate the PVR rate appropriately. However, this potential for inflow flaring with the S3 stent frame may carry some risks of aortic root injury and new permanent pacemaker implantation in the setting of oversizing. In view of this, there is evidence in the present study to support the differences in manufacturer's recommended sizing parameters for the S3 and S-XT, with less aggressive oversizing advised for the S3.
Study limitations
The present study is a non-randomized comparison of two different generations of balloon-expandable THV albeit with no difference in native aortic valve function, calcification, and dimension by rigorous baseline echocardiographic and MSCT analysis. Second, some stent frames have blooming artefacts on MSCT so that they might influence our stent-frame measurements. Finally, this study was a retrospective analysis of participants of the RESOLVE registry and is limited by the small single-centre sample of selected patients who underwent post-procedural MSCT at our institution, during the study period.
Conclusions
The THV stent-frame morphology post TAVI is significantly different between the newer-generation, balloon-expandable THV (S3) and its prior-generation counterpart. The S3 has a flared inflow morphology, whereas the prior generation, the S-XT, has a relatively constrained inflow morphology. This fundamental difference in THV stent-frame morphology may contribute to a lesser degree of PVR with the S3. 
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